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Full-length transcriptome sequencing
reveals the molecular mechanism of potato
seedlings responding to low-temperature
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Abstract

Background: Potato (Solanum tuberosum L.) is one of the world’s most important crops, the cultivated potato is
frost-sensitive, and low-temperature severely influences potato production. However, the mechanism by which
potato responds to low-temperature stress is unclear. In this research, we apply a combination of second-generation
sequencing and third-generation sequencing technologies to sequence full-length transcriptomes in low-tempera-
ture-sensitive cultivars to identify the important genes and main pathways related to low-temperature resistance.

Results: In this study, we obtained 41,016 high-quality transcripts, which included 15,189 putative new transcripts.
Amongst them, we identified 11,665 open reading frames, 6085 simple sequence repeats out of the potato dataset.
We used public available genomic contigs to analyze the gene features, simple sequence repeat, and alternative splic-
ing event of 24,658 non-redundant transcript sequences, predicted the coding sequence and identified the alterna-
tive polyadenylation. We performed cluster analysis, GO, and KEGG functional analysis of 4518 genes that were dif-
ferentially expressed between the different low-temperature treatments. We examined 36 transcription factor families
and identified 542 transcription factors in the differentially expressed genes, and 64 transcription factors were found
in the AP2 transcription factor family which was the most. We measured the malondialdehyde, soluble sugar, and pro-
line contents and the expression genes changed associated with low temperature resistance in the low-temperature
treated leaves. We also tentatively speculate that StLPINT10369.5 and StCDPK16 may play a central coordinating role in
the response of potatoes to low temperature stress.

Conclusions: Overall, this study provided the first large-scale full-length transcriptome sequencing of potato and will
facilitate structure—function genetic and comparative genomics studies of this important crop.

Keywords: potato, Second-generation sequencing technologies, Third-generation sequencing technologies, Full-

length transcriptomes, Low-temperature stress

Background

Potato cultivars (Solanum tuberosum L.) are sensitive
to frost, low temperature is an important factor limiting
potato geographical distribution and production, causing
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declines in potato yields in millions of hectares world-
wide each year [1-3]. For potatoes, chemical or physi-
cal controls have an important role in controlling pests
and diseases. However, these measures are not effective
in preventing low-temperature frost damage. Therefore,
genetic improvement of low-temperature tolerance will
be the priority direction to solve this problem [4]. The
previous studies have shown that, potato stops growing
when the temperature is below 7 °C and will encounter
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chilling damage at -0.8 ‘C, frost damage at -2 C, death
at -3 °C [5]. At the same time, low temperature also has
a series effects on the metabolism of malondialdehyde
(MDA) [6], proline (Pro) [7], soluble sugar [8] and other
substances [9], and lead to changes in molecular metab-
olism and subsequent physiological metabolism. How-
ever, the specific molecular mechanisms by which potato
responds to low-temperature are not known and there-
fore research is urgently needed.

The acquisition of full-length cDNA sequences is the
basis for structural and functional genomics studies.
Firstly, it provides sequence information about expressed
genes, which is important for functional analysis at the
transcriptional and translational levels [10]. Secondly, it
is useful for identifying coding regions in the genome,
and facilitates the determination of the direction, order
and boundaries of exons when predicting gene models
[11]. Thirdly, this can help to analyze the different tran-
script isoforms produced by alternate splicing, which is
an important method for increasing genetic and func-
tional diversity in organisms. Finally, it helps to validate
and correct the assembly of the genome, thus improving
gene annotation [12]. Prior to this, it was necessary to use
time-consuming, labor-intensive, and expensive Sanger
sequencing to obtain full-length cDNA sequences [13,
14]. At present, the best way to generate transcriptome
sequence is through second-generation sequencing tech-
nology (SGS)/ third-generation sequencing (TGS) hybrid
sequencing [15, 16].

The second-generation DNA sequencing known as the
second-generation sequencing technology is an epoch-
making change to the first-generation sequencing tech-
nology. It revolutionized DNA sequencing, genome and
transcriptome research [17]. In contrast to the first gen-
eration of Sanger sequencing, SGS technology has shown
great progress in reducing costs, increasing yield and
high sequence accuracy [18, 19]. During the past dec-
ades, SGS is widely used in genome and transcriptome
research. However, the shortcomings of relatively short
readings produced by SGS have not been resolved [20,
21]. In transcriptome sequencing projects, short reads
are not conducive to bioinformatic analysis while reduc-
ing the accuracy of sequence assembly [22]. In recent
years, the release of the TGS platform has solved this
problem well [23]. TGS can produce reads up to 20 kb,
albeit relatively low-quality [24]. The long read length
of TGS is useful for the de novo genome and transcrip-
tome assembly of higher organisms [25-27]. Its relatively
high error rate has implications for sequence alignment
and bioinformatics analyses, but can be improved and
corrected by short, high-precision SGS reads [28, 29].
Therefore, hybrid sequencing approaches combining SGS
and TGS technologies can provide high quality and more
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complete gene assembly in genome and transcriptome
sequencing, which has been well illustrated in the previ-
ous studies [30, 31].

In the past few years, an increasing number of Pac-
Bio full length transcriptomes have been sequenced
and assembled. These studies have helped us to identify
numerous new genes and alternatively spliced isoforms in
many species, including human, Zebrafish, duck, broom-
corn, Gossypium australe, sweet potato, and Nepenthes
[14, 32—37]. On the whole, the above researches demon-
strated that third-generation sequencing complements
second-generation sequencing in the quantitative deter-
mination of eukaryotic transcripts and contributes to the
discovery of an increasing number of alternatively spliced
isomers [38].

Thus, we adopted joint TGS and SGS technology analy-
sis to identify specific pathways and genes which involved
in the different low temperature treatments of potatoes.
We obtained 4518 differentially expressed genes (DEGs)
from different low temperature times, including 542 TFs.
Among them, StLPIN10369.5, StCDPK16, StPME4759.3
and StproC27072 genes showed significant differences
in expression with low temperature treatment. We con-
cluded that these differentially expressed genes may be
related to resisting low-temperature stress in potatoes.

Results

Physiological response of potato to low-temperature stress
In order to clarify the effects of low temperature stress
on potato physiology metabolism, we measured MDA,
soluble sugar and proline contents to observe the physi-
ological changes in potato leaves exposed to 2 °C and
-2 °C for 4 h (Fig. 1). As the temperature decreased, the
MDA content increased gradually peaked at—2 °C and it
is 3.12 times higher than the control group, (Fig. 1a). The
proline content change trend was consistent with MDA;
it was increased with the low temperature treatment
and peaked at -2 °C (Fig. 1b). The soluble sugar content
change trend was different from malondialdehyde and
proline, it increased and then decreased and peaked at
2 °C (Fig. 1c). It can be seen that the MDA content in
the potatoes increased continuously as the temperature
decreased. The MDA content in the potatoes increased
only 36.76% at the low-temperature treatment of 2 °C;
when the temperature was reduced to -2 °C, the MDA
content in the potatoes increased by 203.52%. In con-
trast, the change in soluble sugar content was not sig-
nificant, and the content of SS also decreased at -2 °C.
This may be due to the fact that when the temperature
was lowered to -2 °C, serious damage was caused to the
potato plant and the cell membrane had been damaged,
resulting in a rapid increase in MDA content and inhibi-
tion of various enzyme activities, leading to a decrease
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Fig. 1 The effect of low-temperature stress on the physiological metabolism of potato. A is the effect of different low temperatures on MDA
content in potato seedlings; B is the effect of low temperatures on proline content in potato seedlings; C is the effect of low temperatires on
soluble sugar content in potato seedlings; S 20 is the control group which was treated at 20 °C for hours; S 2 is the treatment group which was
treated at 2 °C for 4 h; S -2 is the treatment group which was treated at -2 °C for 4 h
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in soluble sugar content, which is consistent with the
results of Singh J. [39].

Potato full-length transcriptome sequencing

A total of 8.72 Gb of clean data was obtained from all
four cells, with 8.72 billion nucleotides and 601,168 raw
polymerase reads. A total of 3,990,120 subreads were
obtained by filtering adaptor and low-quality sequences
(Additional file 1: Table S1). High-quality reads of inser-
tion (ROIs) were further generated from the circular
consensus (CCS) after accurate filtering. The ROIs’ num-
bers from the library were 122,575 for 1-2 kb, 77,994
for 2-3 kb, and 44,918 for 3—6 kb, respectively (Addi-
tional file 1: Table S2). In total, 121,303 (49.75%) Full-
length non-chimeric reads (FLNCs) were produced
from ROIs, with average-lengths of 1293 bp, 2099 bp
and 3464 bp in the corresponding libraries (Fig. 2a
and b, Additional file 1: Table S3). However, the FLNC
reads in each cDNA library contain duplicate isoforms.

Based on ICE (Iterative isoform-clustering) analysis, the
similarity sequences of FLNC reads were assigned to a
cluster. And each cluster was identified as homozygous.
Homozygous sequences were polished and integrated
with non-full-length non-chimeric reads. After correc-
tion and classification by quiver and CEC (clustering for
error correction) programs, 41,016 high-qualities (accu-
racy>0.99) and 11,464 low-qualities polished isoforms
were generated from the ROIs. The consensus isoform
reads’ average lengths were modified to 909, 1506, 2294,
3535 and 9870 bp in 0-1 kb, 1-2 kb, 2-3 kb, 3-6 kb
and>6 kb libraries, respectively (Fig. 2c, Additional
file 1: Table S4).

PacBio ISO-seq results calibration

In order to further improve the accuracy of PacBio
ISO-seq result, nine Illumina RNA-seq libraries con-
structed from potato leaves treated at different low
temperatures were second generation sequenced to
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Fig. 2 Summary of PacBio RS Il single-molecule real-time (SMRT) sequencing. A is the number and length distributions of 220,035 reads in potato;
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correct the polished isoforms of PacBio Iso-seq with
Lordec software [40] and to quantify the full-length
transcripts that had been obtained. Each RNA-seq
sample produced more than 24,210,388 clean reads
(Additional File 2, Table S5). Using RNA-seq short
reads to correct the low-quality isoforms generated
by ICE proofread, and then combined the corrected
low-quality isoforms and high quality isoforms into
the full-length isoforms. In ISO-seq analysis, multiple
different isoforms may be generated from the same
transcript, and these may also be assigned to differ-
ent libraries, using TOFU software (https://github.
com/PacificBiosciences/cDNA_primer/wiki/What-
is-pbtranscript-tofu%3F-Do-I-need-it%3F) to remove
the redundant isoforms [41]. Finally, sequences with a
coverage less than 0.85 and identity less than 0.9 were
filtered, merged only the 5-end exon with the differ-
ence in alignment, and obtained 24,658 non-redundant
transcript sequences.

Functional notes for new transcripts

In order to further obtain comprehensive annotation
information, all optimized transcripts were aligned to the
nucleotide and protein databases, including the NCBI
Non-Redundant Protein (NR), Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG), and
Clusters of orthologous groups for eukaryotic complete
genomes (KOG) with Blast software (version 2.2.26). A
total of 14,864 transcripts were annotated; of these, 8,728
transcripts were annotated in the GO database and 6,570
transcripts were annotated in the KEGG database (Table 1).
NR sequence alignment is used to predict the species most
closely related to the potato. Through sequence alignment,

Table 1 Annotated transcript number statistics table
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79.22% of the sequence is consistent with the published
potato transcriptome sequence, and the second is the
12.74% sequence identity with tomato (Fig. 3).

Alternative splicing (AS) event analysis

The precursor mRNA generated by gene transcription
has multiple splicing methods, selects different exons,
produces different mature mRNAs, and thus translates
into different proteins, constituting a diversity of biolog-
ical traits, this is alternative splicing. We analyzed alter-
native splicing events with Astalavista software (http://
astalavista.sammeth.net/) and 6917 AS events were
predicted in the sample. We found that intron retention
had the highest proportion, reaching 52.84%; mutually
exclusive exon had the lowest proportion, only 0.87%
(Fig. 4).

Simple repetitive sequence (SSR) analysis

We analyzed SSR on transcripts over 500 bp selected
from new transcripts with MIcroSAtellite identification
toolsoftware which could identify 7 types of SSR, they are
Mono nucleotide (p1), Di nucleotide (p2), Tri nucleotide
(p3), Tetra nucleotide (p4), Penta nucleotide (p5), Hexa
nucleotide (p6), compound SSR (c) and compound SSR
with overlapping positions (c*) [42]. It can be seen that
there are significant differences in the number and den-
sity distribution of different types of SSR (Table 2, Fig. 5),
pl had the largest number and distribution density, fol-
lowed by p3, and p5 the least.

Coding sequence (CDS) prediction
All new transcripts were predicted for protein sequence
and CDS using TransDecoder software (v3.0.0), which

Anno coG GO KEGG KOG

Pfam Swissprot eggNOG nr All

Annotated Number 6419 8728 6570 9625

11,992 10,671 14,251 14,846 14,86

Anno: Database for function annotation; Annotated Number: The number of new genes with corresponding database annotation information
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can be identified reliable potential coding region
sequences from transcript sequences. We obtained
14,435 ORFs, including 11,665 (80.81%) complete ORFs.
From Fig. 6, the predicted length of the protein sequence
encoded by the ORFs region and the protein sequence
encoded by the complete ORFs region have the same
change trend of length distribution, the maximum is
100-200 amino acids, and the second is 200-300, the
sequence is gradually reduced.

Alternative polyadenylation (APA) Identification

Most genes in eukaryotes can produce a variety of dif-
ferent mRNA 3’ ends via APA [35]. It has been found
that poly (A) sites are dynamically regulated during tis-
sue development and external environmental stimuli
[43]. The TAPIS pipeline was used to analyze the het-
erogeneity and genomic poly (A) sites formed at the
3’ ends of all potato transcripts. 159,194 reads were
detected in 9741 genes with 25,294 poly(A) sites. And
3590 genes (36.86%) have single poly (A) sites in these
genes (Fig. 7).
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Analysis of differentially expressed genes in response
to low-temperature stress
To identify differentially expressed genes (DEGs), we
used DESeq (http://www.bioconductor.org/packages/
release/bioc/html/DESeq.html) to analyze gene expres-
sion differences between control and low-temperature
treated groups. The filtered clean reads from Illumina
RNA-seq were mapped to the reference genome. Of all
the reads, 78.70—82.85% were uniquely mapped reads,
4.87-7.13% were multiple aligned reads, and 0.07-0.42%
were too many multiple aligned reads (Table 3). A total
of 4518 DEGs were obtained between S20 and S2, 2486
DEGs were significantly up-regulated, 2032 DEGs were
significantly down-regulated; 4498 DEGs were obtained
between S20 and S-2, 2369 DEGs were significantly up-
regulated, 2129 DEGs were significantly down-regulated;
654 DEGs were obtained between S2 and S-2, 342 DEGs
were significantly up-regulated, 312 DEGs were signifi-
cantly down-regulated (Table 4, Fig. 8).

Cluster analysis of DEGs was conducted and the results
showed in Fig. 9 and Additional file 3. All the DEGs

0.87%

exons

52.84%

. Alternative 3' splice site
. Alternative 5' splice site
w Exon skipping
Intron retention
Mutually exclusive exon

Fig. 4 Statistics of the number of alternative splicing events. Alternative 3'splice site: alternative transcription termination site; Alternative 5'splice
site: alternative transcription start site; Exon skipping: exon skipping; Intron retention: intron retention; Mutually exclusive exon: available Change

Table 2 The number and density distribution of SSR

type 4 c* p1 p2 p3 p4 p5 p6 Total
number 437 14 3310 711 1020 47 6 18 5563
density 12.15106 0.389279 92.03662 19.7698 2836174 1.306864 0.166834 0.500501

c:indicated compound SSR, c* indicated compound SSR with overlapping positions
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Fig. 6 Predicted CDS-encoded protein length distribution map. A is the predicted best CDS-encoded protein length distribution map; B is the
predicted complete CDS-encoded protein length distribution map

were assigned to four main clades: 1. the DEGs showed
down-regulated at 20 °C and up-regulated during
low-temperature stress (2 °C and -2 °C),; 2. The DEGs
showed up-regulated at 20 °C, but most showed a down-
ward trend during low-temperature stress (2 °C and
-2 °C); 3. The DEGs showed up-regulated at the low
temperature (2 °C and -2 °C), but lower at control tem-
peratures (20 °C); In the last clade, the DEGs showed

down-regulated at the low-temperature (2 °C and -2 °C),
but higher at control temperature (20 °C).

Functional annotation of the differentially expressed
genes

GO enrichment was applied on the DEGs with different
low-temperature treatments. 1053 significantly enriched
GO terms have been identified in S20 vs S2 (KS<0.05).
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Table 3 Statistics of comparison between transcriptome sequencing data and reference genome sequence

Sample Total Reads Uniquely mapped reads % of reads mapped to % of reads
% multiple loci mapped to too
many loci
S20 TO1 28,270,361 81.05% 5.52% 0.08%
T02 27,318,299 82.24% 5.87% 0.07%
T03 32,928,931 81.98% 5.81% 0.09%
S2 T10 24,525,892 80.98% 6.62% 0.32%
T 24,275,418 78.70% 7.13% 0.42%
T12 26,140,364 82.85% 4.89% 0.05%
S-2 T13 24,759,490 82.24% 5.33% 0.12%
T4 24,210,388 81.82% 4.87% 0.07%
T15 25,615,720 79.14% 6.10% 0.20%

The Reads that mapped to more than 10 loci were counted as mapping to too many loci

There are 622, 82, and 349 significantly enriched GO
terms in biological process, cellular component, and

molecular function,

respectively;

1032

significantly

enriched GO terms have been identified in S20 vs S-2
(KS<0.05). There are 359, 77, and 596 significantly
enriched GO terms in molecular function, cellular com-
ponent, and biological process, respectively; 1049 sig-
nificantly enriched GO terms have been identified in
S2 vs S§-2 (KS<0.05). There are 625, 79, and 345 signifi-
cantly enriched GO terms in biological process, cellular
component, and molecular function, respectively (Addi-
tional file 4). Moreover, with low-temperature treatment,
the biological processes have the highest proportion

Table 4 Low-temperature treatment differentially expressed

gene statistics

DEG set DEG Number

up-regulated

down-regulated

S20vs S2 4518
S20vs S-2 4498
S2vs S-2 654

2486
2369
342

2032
2129
312

(57.75~59.58%), and the cellular component has the low-
est proportion (7.46 ~7.79%) (Fig. 10).

The COG is a database for homologous classifica-
tion of gene products. It is often used to identify direct
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homologous genes by comparing protein sequences
from many species. DEGs were the most enriched in
function R (General function prediction only), fol-
lowed by function K (transcription) and function
T (Signal transduction mechanisms) in S20 vs S2;
DEGs were the most enriched in function R (Gen-
eral function prediction only), followed by function
K (transcription) and function T (Signal transduc-
tion mechanisms) in S20 vs S-2; DEGs were the most
enriched in function R (General function prediction
only), followed by function T (transcription) and func-
tion K (Signal transduction mechanisms) in S2 vs S-2
(Fig. 11, Additional file 5).

The DEGs were also subject to KEGG analysis, 1747,
1768, and 246 DEGs were assigned to 117, 113, and
73 pathways in S20 vs S2, S20 vs S-2, and S2 vs S-2,
respectively (Additional file 6). The DEGs significantly
enriched in the top 20 significant KOs are shown in
Fig. 12. The highly enriched pathways of DEGs were
Photosynthesis-antenna proteins (ko00196), Photosyn-
thesis (ko00195), and Carbon fixation in photosynthetic
organisms (ko00910) in S20 vs S2. Carbon fixation in
photosynthetic organisms (ko00710), Photosynthe-
sis—antenna proteins (ko00196), and Photosynthesis
(ko00195) were the highly enriched pathways in S20 vs
S-2. The highly enriched pathways of DEGs were Sul-
fur metabolism (ko00920), Circadian rhythm-plant
(ko04712), and Nitrogen metabolism (ko00910) in S2
vs S-2. The highly enriched pathways of DEGs were

Photosynthesis—antenna proteins (ko00196), Porphy-
rin and chlorophyll metabolism (ko00860), Circadian
rhythm-plant (ko04712), and Glyoxylate and dicarboxy-
late metabolism (Ko00260) in S20 vs S2 vs S-2.

Analysis of transcription factors in response to low
temperature stress

Transcription factors (TFs) are key components involved
in transcriptional regulatory systems in organisms, par-
ticularly in the context of abiotic stresses, and as a result,
they have become a hot topic of research on various top-
ics. In order to highlight the TFs available in our tran-
script database, we obtained 542 putative TF members
from our transcript database by comparing 36 TF gene
families (Additional file 7). When comparing the num-
ber of TFs we predicted with the number of known TFs
that have been published, we found that in most TF gene
families, the number of TFs we predicted is underrepre-
sented, and the SAP family with the highest proportion
is only 12.2% (Additional file 8). This is normal, as the
expression of most TFs is spatiotemporally controlled,
they are difficult to detect simultaneously in a transcrip-
tional level.

Through analysis, we have found more than 10 TFs in
each of 20 TF families; among them, there are 64 TFs in
AP2 families with the most TFs; followed by the C3H
TF family, with 61; MYB TF family has 51; CPP, WOX,
HD-ZIP and NY-FC TF families found the least num-
ber of TFs, only one. Among these TFs, most are related
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Fig. 9 Heat map of DEGs during low-temperature stress in the potato. The color represents gene expression values (the red corresponds to
genes with high expression and the blue corresponds to gene with low expression). S20, S2 and S-2 correspond to the libraries obtained in the
temperature 20 °C, 2 °C and -2 °C respectively. A up-regulation at 20 °C but down-regulation at other 2 temperatures; B: down-regulation at 20 °C
but up-regulation at other 2 temperatures; C: up-regulation at 2 °C but down-regulation at other 2 temperatures; D: down-regulation at 2 °C

but up-regulation at other 2 temperatures; E: up-regulation at 2 °C but down-regulation at other 2 temperatures; F: up-regulation at -2 °C but
down-regulation at other 2 temperatures
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Fig. 12 Scatter plot of enrichment of differentially expressed genes in the KEGG pathway. Each circle in the figure represents a KEGG pathway,
the ordinate indicated the name of the pathway, and the abscissa is the enrichment factor, which represents the ratio of the proportion of genes
annotated to a pathway in the differential gene to the proportion of genes annotated to the pathway in all genes. The larger the enrichment
factor the more significant the enrichment level of differentially expressed genes in this pathway. The color of the circle represents the g-value,
which is the P-value after multiple hypothesis testing corrections. The smaller the g-value, the more reliable the significance of the enrichment of
differentially expressed genes in the pathway; the size of the circle indicates the number of enriched genes in the pathway, the larger the circle,
the more genes. A is the KEGG enrichment analysis between S20 vs S2; B is the KEGG enrichment analysis between 520 vs S-2; C is the KEGG
enrichment analysis between S2 vs S-2
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to plant resistance, growth and morphogenesis, which
are consistent with the functions of TFs and previous
studies [44—46].The most significant difference in the
expression level of TFs was PGSC0003DMT400056121,

whose expression in S-2 is 2!%° times that of S20, fol-
lowed by PB.5665.2, whose expression in S2 is
times that of S20. At the same time, some TFs had
a significant decrease in their expression with low

26.65
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temperature stress, indicating that their expression
was inhibited by low temperature stress. For example,
the expression level of PGSC0003DMT400024670 in
S$20 is 2*42 times that of S-2, and the expression level of
PGSC0003DMT400000901 in control $20 is 2** times
and 2*?® times higher than that in S2 and S-2 treated
with low-temperature, respectively.

gRT-PCR validation of some differentially expressed genes

We verified the expression patterns of 4 genes (pectinest-
erase, phosphatidate phosphatase, calcium-dependent
protein kinase, and pyrroline-5-carboxylic acid reduc-
tase) in different low temperature conditions using qRT-
PCR.The results were showed in Fig. 13 and Additional
file 9, it can be seen that the expression of pectinesterase
(StPME4759.3) showed a gradual increase as the treat-
ment temperature decreased and reached the maximum
at -2 °C. The expression level of phosphatidate phos-
phatase (StLPIN10369.5) increased significantly when
the temperature dropped to -2 °C, and it mainly catalyzes
the formation of diacyl-sn-glycerol 3-phosphate into
diacyl-sn-glycerol, which finally forms triglycerides. The
increase in triglyceride content helps to increase the con-
tent of unsaturated fatty acids in plants, thereby improv-
ing the plant’s ability to resist low temperature stress. The
expression level of calcium-dependent protein kinase
(StCDPK16) was consistent with the first two genes,
which mainly promoted the flow of calcium-ions from
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extracellular to intracellular. The expression of StCDPKI16
was consistent with the first two genes, which mainly
promoted the flow of calcium ions from extracellular
to intracellular, thus promoting signal transduction and
improving the ability of plants to respond to low tem-
perature stress. The expression of pyrroline-5-carboxylic
acid reductase (StproC27072) increased at 2 °C, whereas
decreased at -2 °C, which mainly catalyzes the formation
of L-proline from L-1-pyrroline-5-carboxylic acid.

Discussion
SGS has the advantages of low cost, high accuracy
and short sequencing time, but shorter sequence read
lengths; TGS has longer sequence reads but higher error
rates [47]. As a result, more and more studies on the
response to plant stress are now beginning to make use
of combined SGS and TGS sequencing methods, which
can provide a more complete and high-quality assem-
bly at the transcriptome level [48—50]. In our study, we
investigated the transcriptome assembly of potato plant
leaves under low temperature stress using a combined
SGS and TGS approach, and identified key functional
and regulatory genes involved in low temperature stress.
We obtained 24,658 non-redundant sequences with an
average ROI of sufficient length to represent full-length
transcripts.

When plants were subjected to adversity, they would
make a series of emergency responses. AS played an

Relative Expression Level

mS20
mS2

] S-2

StPME4759.3

replicates =3

StLPIN10369.5

StCDPK16 StproC27072

Fig. 13 The gPCR validation of partial genes during low-temperature stress in the potato. Note: *P < 0.05; **P < 0.001; the number of biological
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important role. Adversity stress derived AS to signifi-
cantly affect the expression of genes related to stress
response pathways [51, 52]. Under low-temperature
stress, the AS of most expressed genes in Arabidopsis
changed, and AS was very important for plants to resist
temperature stress [53]. Under salt stress, the signifi-
cantly differently alternative splicing genes (DASGs) in
Arabidopsis respond to stress in a relatively independent
manner from DEGs [51]. It can be seen that AS played
a key role in the response of plants to various biotic and
abiotic stresses. In this study, 6917 AS were predicted,
indicating that when potatoes were under low-temper-
ature stress, AS significantly affected the expression of
genes related to stress response pathways.

SSR is a type of tandem repeat sequence consisting of
1-6 nucleotides as repeating units of dozens of nucleo-
tides. These sequences are conservative, but there will
be differences between individuals, which results in site
polymorphism can be used in molecular marker-assisted
breeding, which is of great significance to the study of
plant resistance genetic breeding. At present, SSR mark-
ers have been well applied in molecular genetic testing
of different resistant plants such as apples [54]. Sun et al.
used SSR markers to identify 4 resistance sites related
to phytophthora sojae resistance through association
analysis [55]. A. K. Singh et al. used 125 SSR markers
to perform an association analysis on 91 rice varieties
for disease resistance, and screened 32 SSR loci associ-
ated with resistance to rice blast and 19 associated with
resistance to sheath blight [56]. A total of 5563 SSRs were
obtained in this study, which provided abundant molec-
ular markers for the later development of potato cold
resistance genetic breeding.

Polyadenylation is an important process in eukaryotic
post-transcriptional processing that serves a signal recog-
nition function, prevents mRNA degradation and partici-
pates in the protein translation process [57]. The selective
use of polyadenylation sites by genes for polyadenyla-
tion is known as alternative Poly adenylation (APA).
With the development of high-throughput sequenc-
ing, APA had been found to be widely present in plants
and animals [58, 59]. It was found that 70% of the genes
in Arabidopsis have multiple poly (A) loci [60]. Among
them, AtCPSF30 and AtCPSF100 are important for their
disease resistance, and their mutants show sensitivity to
bacterial infestation [61]. APA plays a important role in
plant response to the environment [62]. A total of 9741
APAs were obtained in this study, indicating that APAs
play an important role in the response of potato to low-
temperature stress.

It has been shown that the physiological changes in
plants in response to low temperature stress are com-
plex. Under low temperature stress, plant leaves show
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more significant changes in cell membrane structure and
osmoregulation. For example, in Medicago falcata and
eggplant, which received low temperature stress, their
MDA, proline and soluble sugar levels increased and
electrolyte leakage occurred [63, 64]. In low-temperature
treated transgenic potatoes, plants accumulated higher
amounts of MDA, sucrose and proline and showed
higher activity of pectin esterase, pyrroline-5-carboxylate
reductase and phosphatidate phosphatase [65]. In this
study, an increase in soluble sugar, proline, and MDA
contents was observed in the leaves of low temperature
treated potato plants, it is suggested that these osmotic
regulators may play a role in increasing the stability of
plant cell membranes and protecting them during dehy-
dration of potatoes under low temperature stress, while
balancing the osmotic pressure inside and outside the
cells. Thus, the changes in proline and soluble sugar may
play a key role in the osmotic regulation by low-temper-
ature in potato leaf, which is consistent with the study of
Wan Y-Y et al. [66].

In this paper, a total of 6381 DEGs were identified as
responsive to low temperature stress, of which 4518 DEGs
were between S20 and S2, 4498 DEGs were between S20
and S-2, 654 DEGs were between S2 and S-2.

The most significant difference in up-regulated expres-
sion between S20 and S2 was triosephosphate isomerase,
with a 2°!°-fold up-regulation, followed by glycerol-
3-phosphate transporter with a 2°’-fold up-regulation;
the most significant down-regulation was E3 ubiquitin-
protein ligase, with a 2°7-fold decrease. The most signifi-
cant difference in up-regulated expression between S20
and S-2 was in serine/arginine-rich splicing factor, which
was up-regulated by 2'12-fold, followed by protochloro-
phyllide reductase, which was up-regulated by 2'°7-fold;
the most significant down-regulation was ubiquitin con-
jugation factor, with a 2'°8!_fold decrease in expression.
The most significant difference in up-regulated expres-
sion between S2 and S-2 was triosephosphate isomerase,
with a 28%-fold up-regulation, followed by d-3-phos-
phoglycerate dehydrogenase, with a 2”7°-fold up-regu-
lation; the most significant down-regulation was RNA
polymerase sigma factor sigF, with a 2'**-fold decrease
in expression. It can be seen that the expression of tri-
osephosphate isomerase increased significantly with low
temperature treatment, which may be related to its cata-
lytic production of glyceraldehyde 3-phosphate, thereby
increasing plant stress tolerance [67].

All DEGs were grouped into four sub-clusters, and
then performed a KEGG enrichment analysis. The most
enriched pathway between S20 and S2 was “photosyn-
thesis-antenna proteins’, followed by “photosynthesis”.
This indicated that the low-temperature stress signifi-
cantly affected photosynthesis in the leaves of potatoes
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[68]. “Carbon fixation in photosynthetic organisms” was
the most enriched pathway between S20 and S-2, this
showed that carbohydrate metabolism was very impor-
tant for potatoes to adapt to low temperature [69, 70].
The highly enriched pathway between S2 and S-2 was
“sulfur metabolism”. Sulfur is a key component of plant
cysteine, which is used by plants as a precursor to syn-
thesize numerous metabolites with important biologi-
cal functions that are directly related to plant resistance
to stress [71]. Sulfur is also an important component
of proteins and biofilms, and the interconversion of -sh
groups and s—s- in proteins constitutes the redox sys-
tem in plants. Therefore, sulfur metabolism is of great
importance to plants in response to low-temperature
stress [72]. The common KEGG pathways between the
different low temperature treatments were “Photosyn-
thesis—antenna proteins” “Porphyrin and chlorophyll
metabolism” “Circadian rhythm-plant” “Glyoxylate and
dicarboxylate metabolism” “Nitrogen metabolism” and
“Cysteine and methionine metabolism” These KEGG
pathways are mainly involved in metabolic synthesis,
photosynthesis, and circadian rhythms, indicating that
these metabolic pathways are deeply involved in the
response of plants to low-temperature stress.

TFs refer to a class of proteins that can bind to DNA
in a sequence-specific manner and regulate transcription
[73]. Under adversity conditions, plants stimulate TFs
through a series of signal transmissions, which combine
with corresponding cis-acting elements to activate the
RNA polymerase II transcription complex, thereby initi-
ating the expression of specific genes and responding to
external signals [74]. Related TFs can regulate the func-
tional genes expression under stress conditions, and their
overexpression will activate or inhibit the expression of
many stress resistant genes, thereby changing the stress
resistance of plants [75].

Many TFs, including MYB, bHLH, NAC, bZIP, C2H2,
ERF, and WRKY types, have been demonstrated by
transcriptomic and other approaches to be involved in
plants response to low-temperature stress [76, 77]. In
our study, 542 TFs were differentially expressed between
low temperature treatments, and they were grouped into
36 TF gene families. The most abundant TF family was
the AP2 family, followed by the C3H, MYB, CPP, WOX,
HD-ZIP, and NY-FC families, and the dynamic changes
in the expression of genes associated with these TFs
may indicate their important function in low tempera-
ture stress in potato. These results are the same with
the previous studies on TFs which involved in plants
response to low-temperature stress and suggest that
members of the AP2 family play a critical role in potato
low-temperature response [78, 79]. At the same time, the
most significant difference in the expression level of TF
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is PGSC0003DMT400056121, whose expression in S-2
is 210° times that of S20, followed by PB.5665.2, whose
expression in S2 is 2° times that of $20. However, there
were also some TFs have a significant decrease in their
expression with low-temperature stress, suggesting that
their expression is inhibited by low-temperature stress.
This indicated that while low temperature stress pro-
moted the expression of cold tolerance-related TFs, it
also inhibited the expression of some TFs unrelated to
plant resistance, thereby maximizing the ability of plants
to resist low temperature stress, which is consistent with
the results of Sun X. et al. [80].

Plants have developed many metabolic pathways
and mechanisms to help them minimize the damage
caused by low temperatures. Through the analysis of
low-temperature stress response genes, we found that
StPME4759.3, StLPIN10369.5, StCDPK16, StproC27072
were involved in potato response to low temperature
stress.

Pectin is an important component of plant cell wall
and plays an important role in maintaining cell wall sta-
bility and resistance to adversity, accounting for 35% of
the cell wall components of dicotyledons [81]. Pectinest-
erase (PME) mainly catalyze the demethylation of pec-
tin to form pectic acid and methanol [82]. The pectic
acid can form pectin gel substances with Ca*" and some
other ions in bridging interaction, which strengthens the
intercellular adhesion and enhances the robustness of
plant tissue cell walls, thus improving the plant’s resist-
ance to low temperature stress. For example, when maize
and Arabidopsis were subjected to environmental stress,
their PMEs expressions were significantly altered, thereby
promoting the plant resistance increased [83, 84]. In this
study, the expression level of StPME4759.3 showed a
gradual increase as the treatment temperature decreased
and reached the maximum at -2 °C. It increased the plant
cell wall stiffness by catalyzing the formation of pectic
acid from pectin, thus improving the plant’s ability to
resist low—temperature stress. However, there were some
differences between its trend and the change in solu-
ble sugar content, which might be due to the fact that
the synthesis of soluble sugar was regulated by multiple
genes and multiple metabolic pathways. However, the
important role played by PMEs in plant response to low
temperature stress was certain.

The genes of the calcium-dependent protein kinase
family play an important role in plant development and
growth and in response to stress. They act as calcium
signal receptors and transmitters in the Ca?"-mediated
signal pathway and transmit signals to downstream reg-
ulatory networks. Thereby regulating the development
and growth of plants and the response to adversity stress
[85]. The StCDPK16 in this study mainly catalyzed the
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phosphorylation of apoplast Ca®* into the cytoplasm. Its
expression level gradually increased with the tempera-
ture decreased, and promoted the transfer of Ca*" from
outside the cell to the inside of the cell. By increasing
the intracellular Ca*" concentration, it can enhance the
function of Ca®" as a second messenger and it can also
promote the formation of pectin gel under the bridging
action of pectic acid and Ca*", enhance the stability of
the cell wall. This is consistent with the findings of Singh
A and Dong H et al. [86, 87].

Phosphatidate phosphatases are a group of lipid phos-
phatases that catalyze the dephosphorylation of lipids
containing phosphate groups to produce diacylglycerol.
Diacylglycerol can be further metabolized to form tria-
cylglycerol, which acts as a lipid signaling molecule and
is involved in plant development and growth and stress.
In this study, SELPIN10369.5 mainly catalyzed the con-
version of diacyl-sn-glycerol 3-phosphate to diacyl-
sn-glycerol, ultimately formed triglycerides to improve
plant resistance to low temperature stress. This was
consistent with the results of studies in Arabidopsis and
peanut [88, 89].

Pyrroline-5-carboxylic acid reductase is an impor-
tant class of housekeeping proteins commonly found
in prokaryotes and eukaryotes. It catalyzes the conver-
sion of pyrroline-5-carboxylic acid to proline, the final
step in proline synthesis [90]. In addition to acting as an
osmoregulatory substance in the plant cytoplasm, proline
accumulated in plants also plays an important role in sta-
bilizing the structure of biomolecules, relieving ammo-
nia toxicity and regulating cellular redox reactions. The
increase of proline in plant tissues under low tempera-
ture conditions can improve the cold resistance of plants
[91, 92]. In this study, StproC27072 mainly catalyzed the
formation of L-proline from L-1-pyrroline-5-carboxylic
acid, and its expression showed an upward and then
downward trend with decreasing temperature, but the
content of proline gradually increased as the treatment
temperature decreased, and reached the maximum at
-2 °C. This might be because low-temperature freezing
inhibited the activity of enzymes related to StproC27072
expression and also inhibited the activity of enzymes
related to proline degradation to a greater extent, thus
resulting in a continued increase in the content of proline
when the expression of StproC27072 decreased.

Conclusions

Full-length transcriptome sequencing is a fundamental
resource to study of functional, structural, and compara-
tive genomics that are almost none in potatoes and their
relatives. In this paper, we sequenced full-length tran-
scriptomes in potatoes, by using a combination of second
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generation and third generation sequencing. According
to the previous results,

we have clarified that the potatoes respond to low-
temperature stress through the following steps: 1.
Low-temperature stress promoted the expression of
StLPIN10369.5 and StCDPK16 in potato seedlings, and
while produced diacyl-sn-glycerol, it also catalyzed the
transfer of Ca?* from extracellular to intracellular; 2. Dia-
cyl-sn-glycerol and Ca*" accumulated in a large amount
in the cell, and they act as the second messenger to initi-
ate the expression of related genes such as StPME4759.3
and StproC27072 in the cell in response to low-tempera-
ture stress; 3. StPME4759.3, activated by the second mes-
senger in the cell, catalyzed pectin to form pectic acid;
StproC27072 catalyzed L-1-pyrroline-5-carboxylic acid
to form L-proline; 4. The intracellular accumulation of
Ca®* and pectic acid formed pectin gel through bridg-
ing action; diacyl-sn-glycerol was further metabolized
to form triglycerides; 5. The massive formation of pec-
tin gel increased the stability of the cell wall; the formed
triglycerides increased the fluidity of the cell membrane;
the increased Proline could not only regulate the osmotic
pressure in the cell, but also stabilize the structure of
biological macromolecules and regulate intracellular
redox response, thereby improving the plant’s ability to
resist low temperature stress. These results suggested
that StLPIN10369.5 and StCDPK16 may play a central
coordinating role in response to low temperature stress
in the potato. Our study provided a comprehensive tran-
scriptome database for the response of potatoes to low
temperature.

Materials and methods

Materials

The plant materials used in the present research were
Solanum tuberosum L. cv. Favorita, which was obtained
from Anhui Academy of Agriculture Sciences. The potato
plants were grown in a growth chamber with a controlled
environment of 22+ 2 °C under a 16 h light/8 h dark pho-
toperiod for 35 days. The growth potential of the same
plants was homogenized for 7 days in a 20 °C degree arti-
ficial climate incubator. The test materials were divided
into the control group and the treatment group. The con-
trol group was that the plants grown at 20 °C for 4 h (S 20,
T1-T3). The treatment group was that the plants grown at
2°Cfor4h (S2, T10-T12) and at -2 °C for 4 h (S -2, T13-
T14). The third fully expanded leaf was collected after the
treatments, immediately frozen in liquid nitrogen and
stored at — 80 °C. The RNA samples were extracted from
potato leaves and stored at — 80 °C. All samples were sent
to Biomarker Technologies for sequencing [93]. The sam-
ples were also used for qRT-PCR analysis.
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Methods

The statistical analysis of the data of MDA, proline and
soluble sugar content in this manuscript used SPSS 13
software, and the mappings used Excel 2010.

Determination of Malondialdehyde content
Determination of MDA content in potato plants by ultra-
violet spectrophotometry [94], the specific measurement
steps were as follows:

1. MDA extraction: 0.5 g potato leaves were chopped
and placed them in a mortar, added 5 ml, 5% trichlo-
roacetic acid and ground them into a homogenate,
transfered all the homogenates into a centrifuge tube,
centrifuged at 12,000 rpm at 4 °C for 10 min, and col-
lected the supernatant;

2. Sample determination: Taken 2 ml of the superna-
tant and added 2 ml of 0.67% Thiobarbituric acid (TBA),
mixed them in a water bath at 100 °C for 30 min, cooled
down and centrifuged at 12,000 rpm for 4 min at 4 °C,
and collected the supernatant, taken 3 ml of superna-
tant and measured its absorbance at 450 nm, 532 nm and
600 nm respectively.

MDA content calculation: MDA (umol/g) =[MDA
concentration (umol/L) x Extract volume (L)]/ Fresh
leaf weight (g)

MDA concentration = 6.45 x (A532-A600) — 0.56 x A450.
A450: The absorbance value at 450 nm wavelength.
A532: The absorbance value at 532 nm wavelength.
A600: The absorbance value at 600 nm wavelength.

Determination of Proline content

Proline content in potato plants was determined by the
spectrophotometric method [94], the specific measure-
ment steps were as follows:

1. Proline extraction: 0.5 g of potato leaves were
taken, added 5 ml of 3% sulfosalicylic acid and grind.
The grinding liquid was leached in a boiling water
bath for 10 min and then cooled. The cooling liquid
was centrifuged at 4 °C at 3000 rpm for 10 min. Taken
2 ml of supernatant liquid +2 ml of glacial acetic acid
(100%) + 3 ml acid ninhydrin (Acid ninhydrin configu-
ration: taked 2.5 g of ninhydrin and added 60 ml, 100%
glacial acetic acid and 40 ml, 6 mol/L phosphoric acid,
dissolved by heating at 70 °C, cooled and stored at 4 °C
in a brown reagent bottle), and heated them in a boiling
water bath for 30 min. After cooling, added 5 ml of tolu-
ene, shaken well, let stand for stratification, and taken
the supernatant.

2. Sample determination: Used blank as a control at
520 nm to measure the absorbance of the supernatant.

3. Content calculation: Proline content (ug/g) = [(C x Dilu-
tion times x Total amount of extract (ml)] / [Sample fresh
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weight (g) x Amount of extract (ml)]. C is the micrograms of
proline found on the standard curve.

Determination of Soluble sugar content

Determination of soluble sugar content in potato plants
by Anthrone method [94], the specific measurement
steps were as follows:

1. 0.1 g of potato leaves were taken, cut them into small
pieces, and put them into a test tube; 2. Added 10 ml
of distilled water to the test tube and put it in a boiling
water bath for 4 consecutive extractions, and collected
the extract; 3. After decolorizing the extract with acti-
vated carbon, filtered it with filter paper and dilute the
filtrate to 100 ml, taken 0.2 ml filtrate and added 1.8 ml
distilled water and mix well; 4. Mixed liquid anthrone
ethyl acetate 0.5 ml+ concentrated H,SO, 5 ml, after
fully shaking, put the test tube in a boiling water bath
for 1 min and taken it out, measured the absorbance at
630 nm after natural cooling, and used the blank as a
control.

5. Content calculation: Soluble sugar
tent=[(M, x V x D) / (V; x W x 10%) x 100] x 100%

M,: Soluble sugar calculated by standard equation (ug).

V: Total sample volume (ml).

V;: Sampling volume during measurement (ml).

D: Dilution times.

10%: The sample is converted from ‘mg’ to ‘ug’ multiples.

W: The sample fresh weight (g).

con-

RNA isolation and detection

Total RNA was isolated from the above samples using
TRIzol reagent (Invitrogen, CA, USA) according to the
manufacturer’s instructions, the amount of plant tis-
sue for RNA extraction was 300 mg. RNA purity was
checked using the NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA). RNA concentration was measured
using Qubit® RNA Assay Kit in Qubit®2.0 Fluorom-
eter (Life Technologies, CA, USA). RNA integrity was
assessed using the RNA Nano 6000 Assay Kit and the
Agilent Bioanalyzer 2100 system (Agilent Technologies,
CA, USA).

lllumina transcriptome library preparation and sequencing
A total of 1 ug RNA per sample was used as input mate-
rial to generate sequencing libraries using the NEBNext
UltraTM RNA Library Prep Kit for Illumina (NEB, USA)
following the manufacturer’s recommendations, and
index codes were added to attribute sequences to a spe-
cific sample. Briefly, mRNA was purified from total RNA
using poly-T oligo-attached magnetic beads. Fragmenta-
tion was carried out using divalent cations under elevated
temperature in the NEBNext First Strand Synthesis Reac-
tion Buffer (5X). First strand cDNA was synthesized using
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random hexamer primers and MMuLV Reverse Tran-
scriptase (RNase H-). Second strand cDNA synthesis was
subsequently performed using DNA polymerase I and
RNase H. Remaining overhangs were converted into blunt
ends via exonuclease/polymerase activities. After adenyla-
tion of 3’ ends of DNA fragments, NEBNext Adaptors
with hairpin loop structures were ligated to prepare for
hybridization. In order to select cDNA fragments 200—
250 bp in length, the library fragments were purified with
the AMPure XP system (Beckman Coulter, Beverly, USA).
Then 3 pl USER Enzyme (NEB, USA) was incubated with
size-selected, adaptor-ligated cDNA at 37 °C for 15 min
followed by 5 min at 95 °C. Then PCR was performed
with Phusion High-Fidelity DNA polymerase, Universal
PCR primers and Index (X) Primer. Finally, PCR prod-
ucts were purified (AMPure XP system) and library qual-
ity was assessed on the Agilent Bioanalyzer 2100 system.
The clustering of index-coded samples was performed on
a cBot Cluster Generation System using the TruSeq PE
Cluster Kit v4-cBot-HS (Illumina) according to the manu-
facturer’s instructions. After cluster generation, the librar-
ies were sequenced on an Illumina Hiseq X Ten platform,
and paired-end reads were generated.

PacBio Iso-Seq library preparation and sequencing
High-quality RNAs from control and low-temperature
treated potato leaves were combined to obtain the PacBio
Iso-seq libraries. At the same time, control-temperature
/low-temperature potato leaves Iso-seq hybrid libraries
were constructed by preparing multiple size fractionated
cDNA and cells (2 cells for 1-2 kb, 1 cell for 2-3 kb, 1
cell for 3—6 kb). This approach avoids loading bias while
obtaining a larger number of RNA sequences representa-
tive of gene expression profiles in control-temperature
and low-temperature treated potato leaves.

The sequencing library was prepared according to
the Iso-Seq protocol as described by Pacific Biosciences
(P/N100-377-100-05 and P/N100-377-100-04). The
SMARTer PCR cDNA Synthesis Kit was used to synthe-
size cDNA from the same RNA samples used for [llumina
sequencing. After 23 cycles of PCR amplification, prod-
ucts were size selected using the BluePippin Size Selec-
tion System with the following bins for each sample:
1-2 kb, 2—3 kb and 3-10 kb. The amplified cDNA prod-
ucts were used to generate SMRTbell Template libraries
according to the Iso-Seq protocol. Libraries were pre-
pared for sequencing by annealing a sequencing primer
and adding polymerase to the primer annealed template.
The polymerase-bound template was bound to Mag-
Beads and sequencing was performed on a PacBio RSII
instrument. PacBio’s sequencing principle is to use a pol-
ymerase enzyme to confine the replication of DNA to a
tiny gap and to add fluorescent tracer markers to various
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bases. When the bases synthesize DNA strands, these
fluorescent markers will emit different colors. According
to the color of the flash, different bases can be identified.

lllumina data analysis

Raw data (raw reads) in fastq format were first processed
using in-house perl scripts. In this step, clean data (clean
reads) were obtained by removing reads containing
adapters, reads containing polyN and low-quality reads.
These clean reads were then mapped to the reference
genome sequence (PGSC_DM _v4.03) using STAR. Only
reads with a perfect match or one mismatch were further
analyzed and annotated based on the reference genome.
Gene expression levels were estimated by FPKM (Frag-
ments Per Kilobase per Million). Differential expression
analysis between two conditions groups was performed
using the DESeq R package (1.10.1) [95]. The resulting P
values were adjusted using the Benjamini and Hochberg’s
approach for controlling the false discovery rate [96].
Genes identified by DESeq with FDR<0.01 and FC>2
were defined as differentially expressed. K-means cluster-
ing was conducted based on Pearson correlation of gene
expression profiles [97].

PacBio data analysis

SMRT-Analysis software package v3.0 (https://github.
com/ben-lerch/IsoSeq-3.0/blob/master/README.md)
was used for Iso-Seq data analysis. First, reads of inser-
tion (ROIs) were generated using the minimum filtering
requirement of O or greater passes of the insert and a
minimum read quality of 75. Then, full-length non-chi-
meric reads (FLNCs) containing the 5’ and 3’ adapters
used in the library preparation as well as the poly (A) tail
were identified.

Identification of AS events, SSRs, CDSs and APA

The transcripts data was used to perform all-vs-all
BLAST, and the BLAST alignments that met all crite-
ria were considered as the products of the candidate AS
events. The AS gap was larger than 100 bp and at least
100 bp away from the 3//5" end. SSRs within the tran-
scriptome were identified by MISA (http://pgrc.ipk-gater
sleben.de/misa/). TransDecoder (https://github.com/
TransDecoder/TransDecoder/releases) was used to iden-
tify CDS regions within the transcript sequences. And
the APA was identified by TARDIS pipeline [35].

Functional annotation of genes

Genes were annotated by conducting blastx searches against
public databases, including the NCBI non-redundant
protein database (Nr), NCBI non-redundant nucleotide
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database (Nt), SwissProt, Protein Family (Pfam), Gene
Ontology (GO), and the Kyoto Encyclopedia of Genes and
Genomes (KEGG), with an E-value threshold of 107°. GO
enrichment analysis was performed using topGO with Fish-
er’s exact test, and the negative logl0 transformed P-values
were visualized using heatmaps as previously described [98,
99].

Quantification of gene expression levels

In order to examine the expression of differential expres-
sion genes in potatoes, total RNAs of the samples were
extracted using the Trizol reagent (Invitrogen) according
to the manufacturer’s instructions. The DNase-treated
RNA was reverse-transcribed using M-MLV reverse
transcriptase. The efl-a was used as an internal reference
with primers synthesized by Sangon Biotech Co., Ltd
(Additional file 10) [100]. The ABIStepOne PULS instru-
ment was used for qRT-PCR experiments on cDNA sam-
ples from samples. Experiments were repeated 3 times.
Relative gene expression levels were calculated by the
274ACT method. Reactions contained the following: 10 pl
of 2xTransStar ® SybrGreen qPCR Master Mix, 2 pl of
template cDNA, 0.4 ul of forward and Universal miRNA
qPCR Primer, 0.4 pl of Passive Reference Dye and water
to 20 pl. PCR amplification was carried out as follows:
50 °C for 2 min, 95 °C for 3 min, followed by 45 cycles of
95°C for 5, 60 °C for 30 s.

Abbreviations

MDA: Malondialdehyde; Pro: Proline; SGS: Second-generation sequencing
technology; TGS: Third-generation sequencing; DEG: Differentially expressed
gene; TF: Transcription factor; ROIs: Reads of insertion; CCS: Circular consensus;
FLNC: Full-Length non-chimeric Read; ICE: Iterative isoform-clustering; CEC:
Clustering for error correction; SMRT: Single-molecule real-time sequencing;
NR: NCBI non-redundant proteins; NT: NCBI non-redundant nucleotide data-
base; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes;
CC: Cellular component; MF: Molecular function; BP: Biological process; AS:
Alternative splicing; SSR: Simple repetitive sequence; CDS: Coding sequence;
APA: Alternative polyadenylation; PME: Pectinesterase; Ca’*: Calcium ion.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-022-03461-8.

Additional file 1:
Additional file 2.
Additional file 3.
Additional file 4.
Additional file 5.
Additional file 6.
Additional file 7.
Additional file 8.
Additional file 9.
Additional file 10.

Page 17 of 20

Acknowledgements
Not applicable

Authors’ contributions

CY, HL and NZ designed the experiments and drafted the manuscript. CY, QW,
FW, XL, JW and HZanalyzed the data. CY, NZ, YF and GW carried out the experi-
ments. All authors read and approved the final manuscript. CY and NZ have con-
tributed equally to this work. All the authors read and approved the manuscript.

Funding

This work was supported by grants from the Earmarked Fund for Anhui
Science and Technology Major Project Integration and demonstration

of potato cultivation techniques for improving quality and efficiency’
(202003b06020016), National Natural Science Foundation of China
(31901439), Hefei Project of Introducing foreign Intelligence ‘Introduction of
new potato varieties and demonstration and promotion of supporting tech-
nologies for green and high-efficiency cultivation, Natural Science Founda-
tion of Anhui Province (1908085QC134), Modern Agro-Industry Technology
Research System of China (CARS-09-ES10), the Scientific Research Project

of Anhui Academy of Agricultural Sciences ‘Taro Breeding and Cultivation
Team Project’(2021YL038), Natural Science Foundation of Anhui Province
(1908085QC134), National Natural Science Foundation of China (31901439),
Anhui Academy of Agricultural Sciences Dean’s Youth Fund (1780306), and
Anhui Academy of Agricultural Sciences ‘New Dr! scientific research project.

Availability of data and materials

The sequencing data of this study are available in the Sequence Read Archive
(SRA) at the National Center for Biotechnology Information (NCBI) (accession

number: PRINA PRINA748542 and PRINA587793). The other supporting data
are included as Supplemental Files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflicts of interest.

Author details

' Anhui Academy of Agricultural Sciences, Hefei 230031, Anhui, China.
2Anhui Vocational College of City Management, Hefei 231635, Anhui, China.
3 Jieshou County Agricultural Technology Promotion Center, Jieshou 236500,
Anhui, China. “Funan County Agricultural Technology Promotion Center,
Funan 236300, Anhui, China.

Received: 13 August 2021 Accepted: 9 February 2022
Published online: 18 March 2022

References

1. Xiao-ping L. Strategy of Potato as Staple Food:Significance Bottlenecks
and Policy Suggestions. Journal of Huazhong Agricultural
University(Social Sciences Edition). 2015;103(3):1-7.

2. Wang Pruski G, Schofield A: Potato: improving crop productivity and
abiotic stress tolerance. Improving Crop Resistance to Abiotic Stress
2012:1121-1153.

3. KouS, Chen L, TuW, Scossa F,Wang Y, Liu J, Fernie AR, Song B, Xie C.
The arginine decarboxylase gene ADC1_ associated to the putrescine
pathway_ plays an important role in potato cold-acclimated freezing
tolerance as revealed by transcriptome and metabolome analyses. the
plant journal. 2018;96:1283-98.

4. Vega SE, Bamberg JB. Screening the US potato collection for frost hardi-
ness pdf. American Potato Journal. 1995;72:13-21.

5. Fuyi M, Mengyun L. Potato cultivation physiology. Beijing: China Agri-
culture Press; 1995. p. 65-80.


https://doi.org/10.1186/s12870-022-03461-8
https://doi.org/10.1186/s12870-022-03461-8

Yan et al. BMC Plant Biology

20.

22.

23.

24.

25.

26.

(2022) 22:125

Lin Q XieY, Liu W, Zhang J, Cheng S, Xie X, Guan W, Wang Z. UV-C
treatment on physiological response of potato (Solanum tuberosum L)
during low temperature storage. Journal of food science and technol-
0gy. 2017;54(1):55-61.

Phukan UJ, Jeena GS, Shukla RK. WRKY Transcription Factors:
Molecular Regulation and Stress Responses in Plants. Front Plant Sci.
2016;7:760.

Bustamante CA, Monti LL, Gabilondo J, Scossa F, Valentini G, Budde CO,
Lara MV, Fernie AR, Drincovich MF. Differential metabolic rearrange-
ments after cold storage are correlated with chilling injury resistance of
peach fruits. Front Plant Sci. 2016;7:1478.

Liao H,Wang Q, Zhang N, Fu Y, Wu G, Ren X, Xue B, Liu X, Xu Z, Yan

C. High-Throughput MicroRNA and mRNA Sequencing Reveals that
MicroRNAs may be Involved in Peroxidase-Mediated Cold Tolerance in
Potato. Plant Molecular Biology Reporter. 2021;39:1-18.

McCarthy A. Third generation DNA sequencing: pacific biosciences’
single molecule real time technology. Chem Biol. 2010;17(7):675-6.
Lee H, Gurtowski J, Yoo S, Nattestad M, Marcus S, Goodwin S, Richard
McCombie W, Schatz MC. Third-generation sequencing and the future
of genomics. BioRxiv 2016, 048603.

Treutlein B, Gokce O, Quake SR, Sudhof TC. Cartography of neurexin
alternative splicing mapped by single-molecule long-read mRNA
sequencing. Proc Natl Acad Sci USA. 2014;111(13):E1291-1299.
Sikkema-Raddatz B, Johansson LF, de Boer EN, Almomani R, Boven

LG, van den Berg MP, van Spaendonck-Zwarts KY, van Tintelen JP,
Sijmons RH, Jongbloed JDH. Targeted next-generation sequencing
can replace Sanger sequencing in clinical diagnostics. Hum Mutat.
2013;34(7):1035-42.

Luo, Ding N, Shi X, Wu'Y,Wang R, Pei L, Xu R, Cheng S, Lian Y, Gao J

et al: Generation and comparative analysis of full-length transcriptomes
in sweetpotato and its putative wild ancestor I. trifida. bioRxiv 2017,
112425.

Byrne A, Cole C, Volden R, Vollmers C. Realizing the potential of full-
length transcriptome sequencing. Philos Trans R Soc Lond B Biol Sci.
2019;374(1786):20190097.

Li L, Liu H, Wen W, Huang C, Li X, Xiao S, Wu M, Shi J, Xu D. Full Transcrip-
tome Analysis of Callus Suspension Culture System of Bletilla striata.
Front Genet. 2020;11:995.

Mardis ER. The impact of next-generation sequencing technology on
genetics. Trends Genet. 2008;24(3):133-41.

LuoY, Ding N, Shi X, Wu 'Y, Wang R, Pei L, Xu R, Cheng S, Lian Y, Gao J
et al: Generation and comparative analysis of full-length transcrip-
tomes in sweetpotato and its putative wild ancestor I. trifida. 2017.
Kchouk M, Gibrat JF, Elloumi M: Generations of Sequencing Technolo-
gies: From First to Next Generation. Biol Med. 2017;09(03). https://doi.
org/10.4172/0974-8369.1000395.

Ari §, Arikan M: Next-generation sequencing: advantages, disadvan-
tages, and future. In: Plant omics: Trends and applications. Cham:
Springer; 2016. p. 109-35.

Miyamoto M, Motooka D, Gotoh K, Imai T, Yoshitake K, Goto N, lida T,
Yasunaga T, Horii T, Arakawa K, et al. Performance comparison of sec-
ond- and third-generation sequencers using a bacterial genome with
two chromosomes. BMC Genomics. 2014;15(1):699.

Kaire Loita KA. Mohammad Bahramc, Rasmus Puuseppd, Sten Anslane,
Riinu Kiikera, Rein Drenkhanb, Leho Tedersoo: Kaire Loita, Kalev Adam-
sonb, Mohammad Bahramc, Rasmus Puuseppd, Sten Anslane, Riinu
Kiikera, Rein Drenkhanb. Leho Tedersoo Applied and environmental
microbiology. 2019;85(21):e01368-e1319.

Wee'Y, Bhyan SB, Liu Y, Lu J, Li X, Zhao M. The bioinformatics tools

for the genome assembly and analysis based on third-generation
sequencing. Brief Funct Genomics. 2019;18(1):1-12.

Schadt EE, Turner S, Kasarskis A. A window into third-generation
sequencing. Hum Mol Genet. 2010;19(R2):R227-240.

Petersena LM, Martin IW, Moschettib WE, Kershawc CM. GJ Tsongalisa
Third-Generation Sequencing in the Clinical Laboratory Exploring the
Advantages and Challenges of Nanopore Sequencing pdf. Journal of
Clinical Microbiology. 2019;58(1):e01315-01319.

Ye C, Hill CM, Wu S, Ruan J, Ma ZS. DBG20LC: Efficient Assembly of
Large Genomes Using Long Erroneous Reads of the Third Generation
Sequencing Technologies. Sci Rep. 2016;6:31900.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 18 of 20

LiuL, LiY,Li S, HuN, HeY, Pong R, Lin D, Lu L, Law M. Comparison of
next-generation sequencing systems. Journal of biomedicine & bio-
technology. 2012;2012:251364.

Miyamoto M, Gotoh K, Imai T, Yoshitake K, Goto N, lida T, Yasunaga T,
Horii T, Arakawa K, Kasahara M, Nakamura S. Performance comparison
of second- andthird-generation sequencers using a bacterialgenome
with two chromosomes pdf. BMC genomics. 2014;15:699.

Choi SC. On the study of microbial transcriptomes using second- and third-
generation sequencing technologies. J Microbiol. 2016;54(8):527-36.
Zhao L, Zhang H, Kohnen MV, Prasad KVSK, Gu L, Reddy ASN. Analysis of
Transcriptome and Epitranscriptome in Plants Using PacBio Iso-Seq and
Nanopore-Based Direct RNA Sequencing. Frontiers in Genetics. 2019;10:253.
Pearman WS, Freed NE, Silander OK. Testing the advantages and
disadvantages of short- and long- read eukaryotic metagenomics using
simulated reads. BMC Bioinformatics. 2020;21(1):220.

Sahlin K, Tomaszkiewicz M, Makova KD, Medvedev P. Deciphering
highly similar multigene family transcripts from Iso-Seq data with
IsoCon. Nat Commun. 2018;9(1):4601.

Mehjabin R, Huang R, Yang C, Chen G, He L, Liao L, Zhu Z, Wang Y.
Full-Length Transcriptome Sequencing and theDiscovery of New Tran-
scripts in the Unfertilized Eggs of Zebrafish (Danio rerio) pdf. G3: Genes,
Genomes, Genetics. 2019;9(6):8.

Yin Z, Zhang F, Smith J, Kuo R, Hou ZC. Full-length transcriptome
sequencing from multiple tissues of duck, Anas platyrhynchos. Scien-
tific data. 2019;6(1):275.

Abdel-Ghany SE, Hamilton M, Jacobi JL, Ngam P, Devitt N, Schilkey F,
Ben-Hur A, Reddy AS. A survey of the sorghum transcriptome using
single-molecule long reads. Nat Commun. 2016;7:11706.

Feng S, Xu M, Liu F, Cui C, Zhou B. Reconstruction of the full-length
transcriptome atlas using PacBio Iso-Seq provides insight into the alter-
native splicing in Gossypium australe. BMC Plant Biol. 2019;19(1):365.
Zulkapli MM, Rosli MAF, Salleh FIM, Mohd Noor N, Aizat WM, Goh HH.
Iso-Seq analysis of Nepenthes ampullaria, Nepenthes rafflesiana and
Nepenthes x hookeriana for hybridisation study in pitcher plants.
Genomics data. 2017;12:130-1.

Chao Q, Gao ZF, Zhang D, Zhao BG, Dong FQ, Fu CX, Liu LJ, Wang BC.
The developmental dynamics of the Populus stem transcriptome. Plant
Biotechnol J. 2019;17(1):206-19.

Harris PJ. Chapter 3 - Cell-wall Polysaccharides of Potatoes. In: Singh

J, Kaur L, editors. Advances in Potato Chemistry and Technology. San
Diego: Academic Press; 2009. p. 63-81.

Salmela L, Rivals E. LORDEC: accurate and efficient long read error cor-
rection. Bioinformatics. 2014;30(24):3506-14.

Lin J, Guan L, Ge L, Liu G, Bai Y, Liu X. Nanopore-based full-length
transcriptome sequencing of Muscovy duck (Cairina moschata) ovary.
Poultry science. 2021;100(8):101246.

Yan H, Zhou H, Luo H, Fan Y, Zhou Z, Chen R, Luo T, Li X, Liu X, Li Y, et al.
Characterization of full-length transcriptome in Saccharum offici-
narum and molecular insights into tiller development. BMC Plant Biol.
2021;21(1):228.

Schaefke B, Sun W, Li YS, Fang L, Chen W. The evolution of posttranscrip-
tional regulation. Wiley Interdisciplinary Reviews RNA. 2018;9(5):e1485.
An JP, Wang XF, Zhang XW, Xu HF, Bi SQ, You CX, Hao YJ. An apple MYB
transcription factor regulates cold tolerance and anthocyanin accumu-
lation and undergoes MIEL1-mediated degradation. Plant Biotechnol J.
2020;18(2):337-53.

He X, Wang T, Zhu W, Wang Y, Zhu L: GhHB12, a HD-ZIP | Transcrip-

tion Factor, Negatively Regulates the Cotton Resistance to Verticillium
dahliae. Int J Mol Sci. 2018;19(12):3997.

Cheng H, Chen X, Fang J, An Z, Hu Y, Huang H. Comparative transcrip-
tome analysis reveals an early gene expression profile that contributes
to cold resistance in Hevea brasiliensis (the Para rubber tree). Tree
Physiol. 2018;38(9):1409-23.

Wang A, Au KF. Performance difference of graph-based and alignment-
based hybrid error correction methods for error-prone long reads.
Genome Biol. 2020;21(1):14.

Yang L, JinY, Huang W, Sun Q, Liu F, Huang X. Full-length transcriptome
sequences of ephemeral plant Arabidopsis pumila provides insight into
gene expression dynamics during continuous salt stress. BMC Genom-
ics. 2018;19(1):717.


https://doi.org/10.4172/0974-8369.1000395
https://doi.org/10.4172/0974-8369.1000395

Yan et al. BMC Plant Biology

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2022) 22:125

Zhou H-W, Zhang H-Y, Wang Z-H, He C, You L-L, Fu D-H, Song J-B,
Huang Y-J, Liao J-L. Discovery of unique single nucleotide polymor-
phisms in rice in response to high nighttime temperature stress using a
hybrid sequencing strategy. Environ Exp Bot. 2019;162:48-57.

Zhuo X, Zheng T, Zhang Z, Zhang Y, Jiang L, Ahmad S, Sun L, Wang
J,Cheng T, Zhang Q. Genome-Wide Analysis of the NAC Transcrip-

tion Factor Gene Family Reveals Differential Expression Patterns and
Cold-Stress Responses in the Woody Plant Prunus mume. Genes
2018;9(10):494.

Ding F, Cui P, Wang Z, Zhang S, Ali S, Xiong L. Genome-wide analysis of
alternative splicing of pre-mRNA under salt stress in Arabidopsis. BMC
Genomics. 2014;15(1):1-14.

Reddy AS, Marquez Y, Kalyna M, Barta A. Complexity of the alternative
splicing landscape in plants. Plant Cell. 2013;25(10):3657-83.

Staiger D, Brown JW. Alternative splicing at the intersection of
biological timing, development, and stress responses. Plant Cell.
2013;25(10):3640-56.

Klabunde GH, Junkes CF, Tenfen SZ, Dantas A, Furlan CR, Mantovani A,
Denardi F, Boneti JI, Nodari RO. Genetic diversity and apple leaf spot
disease resistance characterization assessed by SSR markers. Crop
Breeding and Applied Biotechnology. 2016;16:189-96.

Sun J,Guo N, Lei J, Li L, Hu G, Xing H. Association mapping for partial
resistance to Phytophthora sojae in soybean (Glycine max (L) Merr).
Journal of genetics. 2014;93(2):355-63.

Singh, Madhuri, Arya: Molecular Screening of Blast Resistance Genes in
Rice using SSR Markers. Plant Pathol J. 2015;31(1):12.

Elkon R, Ugalde AP, Agami R. Alternative cleavage and polyadenylation:
extent, regulation and function. Nat Rev Genet. 2013;14(7):496-506.
Wang T, Wang H, Cai D, Gao Y, Zhang H,Wang Y, Lin C, Ma L, Gu L.
Comprehensive profiling of rhizome-associated alternative splicing and
alternative polyadenylation in moso bamboo (Phyllostachys edulis).
Plant J. 2017,91(4):684-99.

FuH,Yang D, SUW, Ma L, ShenY, Ji G, Ye X, Wu X, Li QQ. Genome-

wide dynamics of alternative polyadenylation in rice. Genome Res.
2016;26(12):1753-60.

Wu X, Liu M, Downie B, Liang C, Ji G, Li QQ, Hunt AG. Genome-wide
landscape of polyadenylation in Arabidopsis provides evidence

for extensive alternative polyadenylation. Proc Natl Acad Sci.
2011;108(30):12533-8.

Lin J, Xu R, Wu X, Shen Y, Li QQ. Role of cleavage and polyadenylation
specificity factor 100: anchoring poly (A) sites and modulating tran-
scription termination. Plant J. 2017;91(5):829-39.

Chakrabarti M, Hunt AG. CPSF30 at the interface of alternative
polyadenylation and cellular signaling in plants. Biomolecules.
2015;5(2):1151-68.

Cui G, Chai H,Yin H,Yang M, Hu G, Guo M, Yi R, Zhang P. Full-length
transcriptome sequencing reveals the low-temperature-tolerance
mechanism of Medicago falcata roots. BMC Plant Biol. 2019;19(1):575.
ShiJ, Zuo J, Zhou F, Gao L, Wang Q, Jiang A. Low-temperature condi-
tioning enhances chilling tolerance and reduces damage in cold-stored
eggplant( Solanum melongena L) fruit. Postharvest Biology and Tech-
nology. 2018;141:33-8.

Y.Che NZ, X. Zhu, S. Li, S. Wang, H. Si Enhanced tolerance of the trans-
genic potato plants overexpressing CuZn superoxide dismutase to low
temperature. 2020.

WanYY, Zhang Y, Zhang L, Zhou ZQ, Li X, Shi Q Wang XJ, Bai JG. Caffeic
acid protects cucumber against chilling stress by regulating antioxidant
enzyme activity and proline and soluble sugar contents. Acta Physi-
ologiae Plantarum. 2014;37(1):1-10.

Sharma S, Mustafiz A, Singla-Pareek SL, Shankar Srivastava P, Sopory SK.
Characterization of stress and methylglyoxal inducible triose phosphate
isomerase (OscTPI) from rice. Plant Signal Behav. 2012;7(10):1337-45.
Cerqueira G, Santos MC, Marchiori PER, Silveira NM, Machado EC,
Ribeiro RV. Leaf nitrogen supply improves sugarcane photosynthesis
under low temperature. Photosynthetica. 2019;57(1):18-26.
Pommerrenig B, Ludewig F, Cvetkovic J, Trentmann O, Klemens PAW,
Neuhaus HE. In Concert: Orchestrated Changes in Carbohydrate
Homeostasis Are Critical for Plant Abiotic Stress Tolerance. Plant Cell
Physiol. 2018;59(7):1290-9.

Zhao H, Jiao W, Cui K, Fan X, Shu C, Zhang W, Cao J, Jiang W. Near-freez-
ing temperature storage enhances chilling tolerance in nectarine fruit

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Page 19 of 20

through its regulation of soluble sugars and energy metabolism. Food
Chem. 2019;289:426-35.

Clemente-Moreno MJ, Omranian N, Saez P, Figueroa CM, Del-Saz N, Elso
M, Poblete L, Orf |, Cuadros-Inostroza A, Cavieres L, et al. Cytochrome
respiration pathway and sulphur metabolism sustain stress tolerance to
low temperature in the Antarctic species Colobanthus quitensis. New
Phytol. 2020;225(2):754-68.

Liu Z, LiY,Cao C, Liang S, Ma Y, Liu X, Pei Y. The role of H2S in low
temperature-induced cucurbitacin C increases in cucumber. Plant Mol
Biol. 2019;99(6):535-44.

Kim S, Shendure J. Mechanisms of Interplay between Transcription Fac-
tors and the 3D Genome. Mol Cell. 2019;76(2):306-19.

Baillo EH, Kimotho RN, Zhang Z, Xu P. Transcription Factors Associated
with Abiotic and Biotic Stress Tolerance and Their Potential for Crops
Improvement. Genes. 2019;10(10):771.

Erpen L, Devi HS, Grosser JW, Dutt M. Potential use of the DREB/ERF
MYB NAC and WRKY transcription factors to improve abiotic and biotic
stress in transgenic plants. Plant Cell Tissue and Organ Culture (PCTOCQ).
2017;132(1):1-25.

Jiang J,Ma S, Ye N, Jiang M, Cao J, Zhang J. WRKY transcription factors in
plant responses to stresses. J Integr Plant Biol. 2017;59(2):86-101.
Wang Z, Cui D, Liu C, Zhao J, Liu J, Liu N, Tang D, Hu Y. TCP transcription
factors interact with ZED1-related kinases as components of the tem-
perature-regulated immunity. Plant, Cell Environ. 2019;42(6):2045-56.
Lantzouni O, Alkofer A, Falter-Braun P, Schwechheimer C. GROWTH-
REGULATING FACTORS Interact with DELLAs and Regulate Growth in
Cold Stress. Plant Cell. 2020;32(4):1018-34.

Keyi Ye HL. Yanglin Ding, Yiting Shi, Chunpeng Song, Zhizhong Gong,
Shuhua Yang BRASSINOSTEROID-INSENSITIVE2 negatively regulates
the stability of transcription factor ICE1 in response to cold stress in
Arabidopsis. Plant Cell. 2019;31(9):2276-2276.

Sun X, Yu G, Li J, Liu J, Wang X, Zhu G, Zhang X, Pan H. ACERF2,

an ethylene-responsive factor of Atriplex canescens, positively
modulates osmotic and disease resistance in Arabidopsis thaliana.
Plant science : an international journal of experimental plant biology.
2018;274:32-43.

Anees M, Gao L, Umer MJ, Yuan P, Zhu H, Lu X, He N, Gong C, Kaseb MO,
Zhao S, et al. Identification of Key Gene Networks Associated With Cell
Wall Components Leading to Flesh Firmness in Watermelon. Frontiers
in plant science. 2021;12:630243.

LiJ, LiX LiS, Shen G, Luo Q, Wu H, Chen A, Zhang Z. Properties and
Extraction of Crude Pectin Esterase from Potato (Solanum Tubero-
sum) IOP Conference Series. Materials Science and Engineering.
2019;611:012060.

Niu L, Liu L, Wang W. Digging for Stress-Responsive Cell Wall Proteins
for Developing Stress-Resistant Maize. Frontiers in plant science.
2020;11:576385.

Jia X, Zeng H, Wang W, Zhang F, Yin H. Chitosan Oligosaccharide
Induces Resistance to Pseudomonas syringae pv tomato DC3000 in
Arabidopsis thaliana by Activating Both Salicylic Acid- and Jasmonic
Acid-Mediated Pathways. Molecular plant-microbe interactions MPMI.
2018;31(12):1271-9.

Chen, Zhou X, Chang S, Chu Z, Wang H, Han S, Wang Y. Calcium-
dependent protein kinase 21 phosphorylates 14-3-3 proteins in
response to ABA signaling and salt stress in rice. Biochem Biophys Res
Commun. 2017,493(4):1450-6.

Singh A, Sagar S, Biswas DK. Calcium Dependent Protein Kinase, a
Versatile Player in Plant Stress Management and Development. Crit Rev
Plant Sci. 2018;36(5-6):336-52.

Dong H,Wu C, Luo C, Wei M, Qu S, Wang S. Overexpression of
MdCPK1a gene a calcium dependent protein kinase in apple increase
tobacco cold tolerance via scavenging ROS accumulation. PLoS One.
2020;15(11):e0242139.

Zhang H, Jiang C, Ren J, Dong J, Shi X, Zhao X, Wang X, Wang J, Zhong
C, Zhao S, et al. An Advanced Lipid Metabolism System Revealed by
Transcriptomic and Lipidomic Analyses Plays a Central Role in Peanut
Cold Tolerance. Front Plant Sci. 2020;11:1110.

Arisz SA, van Wijk R, Roels W, Zhu JK, Haring MA, Munnik T. Rapid phos-
phatidic acid accumulation in response to low temperature stress in
Arabidopsis is generated through diacylglycerol kinase. Front Plant Sci.
2013;4:1.



Yan et al. BMC Plant Biology =~ (2022) 22:125 Page 20 of 20

90. Signorelli S, Monza J. Identification of Delta(1)-pyrroline 5-carboxylate
synthase (P5CS) genes involved in the synthesis of proline in Lotus
japonicus. Plant signaling & behavior. 2017;12(11):e1367464.

91. WangY, Xiong F, Nong S, Liao J, Xing A, Shen Q, MaY, Fang W, Zhu X.
Effects of nitric oxide on the GABA, polyamines, and proline in tea
(Camellia sinensis) roots under cold stress. Sci Rep. 2020;10(1):12240.

92. Nawaz G,HanY, Usman B, Liu F, Qin B, Li R. Knockout of OsPRP1, a gene
encoding proline-rich protein, confers enhanced cold sensitivity in rice
(Oryza sativa L.) at the seedling stage. 3 Biotech. 2019,9(7):1-18 A.

93. Buschmann D, Haberberger A, Kirchner B, Spornraft M, Riedmaier |,
Schelling G, Pfaffl MW. Toward reliable biomarker signatures in the age
of liquid biopsies - how to standardize the small RNA-Seq workflow.
Nucleic Acids Res. 2016;44(13):5995-6018.

94. Gao J: Plant Physiology Laboratory Guide: Higher Education Press 2006.

95. Anders S, Huber W. Differential expression analysis for sequence count
data pdf. Anders and Huber Genome Biology. 2010;11:R106.

96. Simon Anders1 WH: Differential expression of RNA-Seq data at the
gene level —the DESeq package.pdf. embl 2012.

97. Walvoort D, Brus DJ, Gruijter J. An R package for spatial coverage
sampling and random sampling from compact geographical strata by
k-means. Comput Geosci. 2010;36(10):1261-7.

98. Alexa A, Rahnenfuhrer J. Gene set enrichment analysis with topGO.
Bioconductor Improv. 2009,27:1-26.

99. Peng J, Lu G, Xue H,Wang T, Shang X. TS-GOEA: a web tool for tissue-
specific gene set enrichment analysis based on gene ontology. BMC
Bioinformatics. 2019;20(18):1-7.

100. Rey-Burusco MF, Daleo GR, Feldman ML. Identification of potassium
phosphite responsive miRNAs and their targets in potato. PLoS One.
2019;14(9):0222346.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Full-length transcriptome sequencing reveals the molecular mechanism of potato seedlings responding to low-temperature
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Physiological response of potato to low-temperature stress
	Potato full-length transcriptome sequencing
	PacBio ISO-seq results calibration
	Functional notes for new transcripts
	Alternative splicing (AS) event analysis
	Simple repetitive sequence (SSR) analysis
	Coding sequence (CDS) prediction
	Alternative polyadenylation (APA) Identification
	Analysis of differentially expressed genes in response to low-temperature stress
	Functional annotation of the differentially expressed genes
	Analysis of transcription factors in response to low temperature stress
	qRT-PCR validation of some differentially expressed genes

	Discussion
	Conclusions
	Materials and methods
	Materials
	Methods
	Determination of Malondialdehyde content

	MDA content calculation: MDA (µmolg) = [MDA concentration (µmolL) × Extract volume (L)] Fresh leaf weight (g)
	Determination of Proline content
	Determination of Soluble sugar content
	RNA isolation and detection
	Illumina transcriptome library preparation and sequencing
	PacBio Iso-Seq library preparation and sequencing
	Illumina data analysis
	PacBio data analysis
	Identification of AS events, SSRs, CDSs and APA
	Functional annotation of genes
	Quantification of gene expression levels

	Acknowledgements
	References


